Abstract: We present a simple and robust approach to achieve low-loss, high-speed speckle reduction using a colloidal dispersion. This approach is compact, low cost, requires no external power, and is compatible with commercially available lasers. OCIS codes: (030.6140) Speckle; (170.0110) Imaging Systems; (120.6150) Speckle Imaging
Introduction
Lasers provide a number of advantages in imaging applications compared with thermal sources or LEDs, e.g., more power per mode, increased directionality, and superior spectral control. However, the spatial coherence of traditional lasers also allows the formation of coherent artifacts, such as speckle. Speckle results from interference of light with random phase delays accumulated, for instance, during scattering from a rough object [1] , and the artificial modulation of intensity corrupts image. While it is possible to design lasers with low spatial coherence which prevent speckle formation [2] , or illuminate with an array of mutually incoherent lasers [3] , a more general solution would be reducing the speckle formed by any existing laser. As a result, many techniques have been developed to reduce speckle. These techniques generate different speckle patterns which are then averaged during the integration time of the camera (or human observer). The time-varying speckle is produced by mechanically spinning ground glass, spatial light modulators, liquid crystal based systems, and colloidal particles subject to Brownian motion [4] . Speckle reduction using colloidal particles is particularly attractive because it requires no external power, can be fast, compact, and inexpensive. However, the low transmission through colloidal solutions has limited their adoption in practical applications. Here, we demonstrate a method to achieve high transmission through a colloidal solution and use the optimized system for fast speckle reduction and speckle-free imaging.
Enhanced transmission through a colloidal solution
The transmission through a colloidal solution scales as l t /L, where l t is the transport mean free path and L is the thickness of the solution. In this work, we considered a solution of TiO 2 spheres (205 nm radius) in water with l t = 100 μm and L = 2 -10 mm, thus our transmission would normally be limited to a few percent. This low transmission can inferred from Fig. 1 (a), which shows laser emission incident from free space on a colloidal solution in a cylindrical cuvette. In this case, most of the emission is reflected. To overcome this reflection, we used an optical fiber to deliver the laser emission deep into the colloidal solution, as shown in Fig. 1(b) . In this case, far more light is transmitted through the base of the cuvette, but much of the emission is still lost through the sides. To further enhance the transmission, we coated the sides of the cuvette with white paint, as shown in Fig. 1(c-d) . The laser emission is now efficiently channeled through the base of the cuvette. 
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To quantitatively evaluate the enhanced transmission, we first recorded the collection efficiency through the base of the cuvette as we increased the thickness of the solution, as shown in Fig. 1(e) . The transmission saturated when the thickness of the solution above the fiber tip was much greater than the distance to the base of the cuvette. We then compared the transmission through colloidal solutions of different length using the traditional approach, shown in Fig. 1(a) , and our optimized approach shown in Fig. 1(c) . We also calculated the total transmission, accounting for the finite collection size of the detector and assuming the emission from the base of the cuvette followed a Lambertian distribution. As shown in Fig. 1(f) , by delivering the emission via fiber and painting the cuvette, more than 90% of the laser emission is channeled through the base of the cuvette, representing more than an order of magnitude improvement over the transmission using the approach shown in Fig. 1(a) .
Speckle-free imaging using a colloidal solution
We then performed a series of imaging experiments to confirm that the colloidal solution provided fast speckle reduction. A schematic of the experimental setup is shown in Fig. 2(a) . A 532 nm CW laser was fiber coupled into the colloidal solution, as shown in Fig. 1(c) . The emission through the base of the cuvette was then collimated onto a US Air Force (AF) test chart and imaged through a thin scattering film with a charge coupled device (CCD) camera. Initially, we removed the AF chart and recorded speckle images as a function of the distance L between the fiber tip and the base of the cuvette. The camera integration time was set to 129 μs. In Fig. 2(b) , we show the speckle contrast from these images, defined as C = I /<I> where I is the standard deviation of the intensity and <I> is the average intensity. Despite the short integration time, the contrast was reduced below human observable levels (~4%) for L>2 mm. We then attempted to image the AF chart through the scattering medium, both with and without the colloidal solution. As shown in Fig. 2(c) , without the colloidal solution, speckle formation corrupts the image and obscures the features of the AF chart. However, by using the colloidal solution, the AF chart is clearly visible, as shown in Fig. 2(d) . 
